A simple flexural stress rupture test rig has been designed, constructed and operated successfully in evaluating high-temperature (%1200°C) time-dependent strength of ceramic materials. The test rig is capable of applying stresses up to -700 MPa and at temperatures as high as 1400°C in air.
I. INTRODUCTION
The use of ceramic materials for structural, high temperature, engineering components is being investigated for a number of applications, in particular, heat engines such as the gas turbine and diesel. The primary reasons for their use in heat engines are high strength at high temperatures 0 1000°C), good oxidation resistance and low coefficient of thermal expansion. There are at least two unusual characteristics with respect to the strength of brittle ceramics. The first is that the material is inductile (macroscopically) and its strength is controlled by the largest inherent microcrack or flaw in a given stress field; also because there is typically a distribution of such flaws, there is a resulting scatter in material strength. The second is that inherent flaws within the material can exhibit the phenomenon of slow (subcritical) crack growth (SCG) under load at high temperature, suggesting that the strength is time dependent. As a result, one of the most critical factors in the structural application of ceramics is the ability to predict the reliability of a ceramic component for a given time (period). Therefore, before the ceramic material can be used in any commercial application, its reliability and durability must be established. This usually requires long term testing (200-1000 h per specimen) as a function of temperature, applied stress and environment. This paper describes the design and construction of a simple flexural stress rupture test rig for evaluating time-dependent strength at high temperatures for ceramics. Yttria-doped, hot-pressed silicon nitride was chosen as the examining material to generate stress rupture data and show its usefulness.
II. MATERIAL, SPECIMEN PREPARATION AND TESTING
The silicon nitride powder was hot-pressed using yttria as a densifying aid and the hot-pressing details are given elsewhere (1).
Flexural test specimens (-32 mm long by -6 mm wide by .3 mm thick) were machined from two silicon nitride billets (designated X103B and X112A) such that the tensile face was perpendicular to the hot-pressing direction (i.e. strong direction) (2). All faces were ground lengthwise using 280 or 320 grit diamond wheels and the edges chamfered (lengthwise) to prevent notch effects.
The flexural stress rupture tests at elevated temperatures (800° to 1400°C) in air environment were conducted in 1/4 point, 4-point bending (inner span is one-half of outer span) using a modified version of the self-aligning ceramic fixture (2) and the test set-up are shown and discussed in the next section. The outer and inner knife edges of the testing fixture were spaced =19 mm and =9.5 mm apart, respectively. The temperature is controlled and monitored separately with the use of two Pt-Rh thermocouples placed behind the test specimen.
III. STRESS RUPTURE TEST RIG DESIGN
An overall front view of the flexural stress rupture test rig is schematically shown in Fig. 1 . There were several important points as listed below to be kept in mind in designing such a test rig:
(i) The test rig should be compact, reliable, sturdy and capable of applying stresses up to 700 MPa.
(ii) Specimens can be evaluated in air as a function of temperature from 20°C to 1400°C.
(iii) The load bearing compression rods made of ceramic should be uniaxially aligned properly so that full load is transmitted to the specimen.
(iv) Test specimen should be centrally aligned in the test fixture such that the load transmitting compression rods, specimen and test fixture are uniaxially aligned.
No transverse tilting and offcentering of specimen should occur in order to maximize the pure bending stresses.
(v) The load transmitting beam should remain as close as possible in horizontal position when full load is applied to the test specimen. In the non-horizontal position, the loading conditions will deviate from 4 -point to 3-point, off-centering loading, and thus changing the applied stress magnitude.
(vi) Easy access for replacing burned out heating elements without taking out the complete furnace assembly from the test rig is achieved.
(vii) Test rig should be capable of taking specimens of varying thickness and still maintain the load transmitting beam in close horizontal position.
The complete load train assembly as shown in Fig.  1 , consists of several parts:
(i) A rectangular aluminium frame to house the high temperature furnace, test specimen with fixture, and compression load-bearing ceramic rods, is used. The ceramic rods are attached to water-cooled, stainless steel cooling jackets.
(ii) The upper cooling jacket is attached to the load beam which in turn is attached to a pipe column. The lower cooling jacket sits on a solid stainless steel ball on the load indictor (load cell).
(iii) The load cell is attached to an interchangeable steel plate so that merely changing the plate thickness can accommodate test specimens of various thickness.
(iv) Load is applied through a vertical hanging rod attached to the end of the load beam and the net applied load is indicated directly on the load cell indicator (range 0 to 1000 lbs.).
(v) A microswitch is attached to the test frame which makes contact with the load beam when full load (desired load) is applied. At the instant failure of the test specimen occurs, the load beam moves downward and activates the microswitch which in turn cuts-off power supply to the furnace and the timer. Thus, the total time-to-failure is recorded by the timer.
(vi) A scissor type jack is placed underneath the vertical hanging rod base to arrest the loading weights at the instant of failure and thus reduce stresses at the load train assembly parts (especially the load beam pivot points).
IV. AXIAL ALLIGNMENT OF THE LOADING COMPONENTS
The rectangular testing frame is attached to the base "C" Channel, Fig. 1 . The axial alignment of the loading components (cooling jackets, ceramic compression rods, and load cell) was accomplished by using a vertical alignment rod and positioning the guide bearings as shown in Fig. 2(a) . The vertical rod sits on top of the load cell and was free to rotate inside the guide bearings. A three dimensional view of the frame and the axial alignment is shown in Fig.  2(b) . Note the frame can be moved horizontally, transversely and vertically. Once the bearing positions are fixed, the axial rod is removed and the furnace is 1laced-in position and attached to the frame. The upper and lower cooling jackets containing the ceramic rods are placed in position and axially centered by guide bearings.
The bottom test fixture containing the test specimen is placed on the lower ceramic rod. The centering of the test specimen and specimen fixture was accomplished by means of a V-Block alignment fixture, as shown in Fig. 3(a) in a three-dimensional view. The alignment fixture (V-Block) is forced to contact the lower and upper ceramic rods plus the bottom section of the test fixture, and in the this position, the bolt centers the test specimen. The upper portion of the ceramic fixture, Fig. 3(b) , is placed in position similar to the bottom fixture and a small load (10N) is applied by lowering the top ceramic rod to keep the specimen in position. The V-Block is removed. This procedure assures complete uniaxial alignment of the load train. An overall view of the complete stress rupture test rig is shown in Fig. 4 .
V. RESULTS AND DISCUSSION
It Tray be pointed out that three such units are in operation in our laboratory and several thousand hours of testing have been accomplished on various ceramic materials.
As mentioned earlier, yttria-doped silicon nitride in the hot-pressed condition was chosen for evaluation in this test rig. Before flexural stress-rupture testing is done, it is important to determine (or know) the materials fast fracture strength* as a function of temperature (20 0 to 1400°C) in order to select proper stress levels for stress rupture testing. The average room temperature strength of this material was 929 MPa, Weihull slope of 7 and a standard deviation of 152 MPa. The average fracture strengths (for specimens tested from billet X103B) at 1000, 1200, 1300, and 1400°C in air were 880 EPa, 810 MPa, 675 MPa and 509 MPa, respectively, as discussed elsewhere (3). Flexural stress rupture tests were carried out at several temperatures (800 0 to 1400°C) in order to determine this material's susceptibility for a low temperature (800° to 1000°C) instability and the presence of subcritical crack growth at high temperatures (1200 0 to 1400°C). A total of 14 specimens were tested and the results are summarized in Table I . Among the four specimens tested at an applied stress of 482 MPa and 800°C, three specimens failed in 20, 110 and 95 h and the fourth specimen sustained 240 h without failure. At 1000°C, material showed similar type of behavior as observed at 800°C. At temperatures of 1200°C and above, the material behaved distinctly different than 13 Fracture strength evaluated in 1/4 point, 4-point bending, using the testing machine crosshead speed of 0.5 mm/min is considered as the fast fracture strength.
The load-deflection curve shows linear elastic behavior only and the specimen fails in a catastrophic manner.
VI. CONCLUSIONS
A simplified flexural stress rupture test rig has been designed for evaluating long term durability at 3. high temperatures of ceramic materials. The test rig is capable of applying stresses up to -700 MPa. the lower temperatures. At 1200°C, the material was capable of withstanding the same applied stress of 482 MPa for over 200 h without failure but displayed surface bending, suggesting the onset of creep. At 1300 and 1400°C, the material was able to withstand decreased level of stress (344 MPa) but showed significant creep deformation. 
